t is widely recognized that amyloid formation sensitively responds to conditions set by myriad cellular solutes. These cosolutes include two important classes: macromolecular crowders and compatible osmolytes. We have recently found that addition of macromolecular PEG only slightly affects fibril formation of a model peptide in vitro. Polyol osmolytes, in contrast, lengthen the lag time for aggregation, and lead to larger fibril mass at equilibrium. To further hypothesize on the molecular underpinnings of the disparate effect of the two cosolute classes, we have further analyzed the experiments using an available kinetic mechanism describing fibril aggregation. Model calculations suggest that all cosolutes similarly lengthen the time required for nucleation, possibly due to their excluded volume effect. However, PEGs may in addition promote fibril fragmentation, leading to lag times that are overall almost unvaried. Moreover, polyols effectively slow the monomer-fibril detachment rates, thereby favoring additional fibril formation. Our analysis provides first hints that cosolutes act not only by changing association or dissociation rates, but potentially also by directing the formation of fibrils of varied morphologies with different mechanical properties. Although additional experiments are needed to unambiguously resolve the action of excluded cosolutes on amyloid formation, it is becoming clear that these compounds are important to consider in the search for ways to modulate fibril formation.
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Introduction
Associated with a variety of devastating pathologies, amyloids are formed through the self-association of alternatively folded proteins or peptides. 1 In diseases ranging from Alzheimer to rheumatoid arthritis, these insoluble, β-sheet type, fibrillar aggregates are found to abnormally precipitate in affected cells and tissues. [2] [3] [4] While the precise mechanism of amyloid aggregation is not fully resolved, solution conditions are found to play a crucial role. In fact, it has been realized that the kinetics and even the preferred fibril polymorph for a particular peptide can be determined simply by exposure to different growth conditions such as temperature, salt type and concentration, pH and buffers and hydrostatic pressure. [5] [6] [7] To fully appreciate the impact of the cellular milieu on the fibrillation process requires scrutiny of even more complex, yet often neglected, solution conditions. Cells are highly dense environments, crowded not only by many macromolecules such as proteins, nucleic acids and lipid membranes, but also by molecularly smaller cosolutes. Acting through excluded volume (steric) interactions, large macromolecules often stabilize proteins by reducing the free volume they allow the unfolded (denatured) state. 8, 9 Osmolytes, in contrast, are a prominent class of smaller cosolutes that are accumulated by cells to counteract external stresses. These solutes include sugars and polyols, urea and its derivatives and modified amino acids. [10] [11] [12] While osmolytes are present at relatively high, even molar, concentrations, many are considered "compatible" stronger effect on aggregation than that of glycerol, suggesting a dependence on cosolute size. Surprisingly, there was little change in the elongation rate τ el regardless of cosolute identity or concentration (Fig. 1D) . This is even more unexpected considering that solution viscosity changes considerably at high cosolute concentrations. However, previous analysis showed that even at very high cosolute concentrations viscosity does not correlate with either τ el or τ lag , indicating that the changes in kinetics cannot be attributed solely to changes in viscosity. 20, 21 These results led us to conclude that changes in the mechanism of amyloid aggregation depend not only on the concentration, but also on the specific chemical identity of the cosolute added. It was apparent that the polyols and the PEGs have disparate impacts on the aggregation processes, and that they differently affect each phase of fibril formation.
Kinetic Model Helps Dissect the Aggregation Process
In order to gain further insight into how different stages in the aggregation are modulated by the action of the two cosolute classes, we used a kinetic model to fit the experimental results. Kinetic models can afford further insights into the different possible processes that occur during aggregation. While it is exceedingly difficult to prove specific suggested mechanisms for the process of amyloid formation because of limited information on the process, a wide variety of models have been proposed. 29 We focus, therefore, on models that could provide clues to the reasons for the prolonged nucleation time, as well as the increased propensity of the peptide to aggregate in the presence of polyols, but not with PEGs. One kinetic model that satisfies these requirements has been recently suggested by Knowles et al. 27 Specifically, in addition to the common nucleation and elongation terms, the model also includes a term describing possible fibril breakage leading to secondary nucleation. It has been shown that this process can significantly contribute to amyloid nucleation and may have major implications to the progression of disease linked with amyloid aggregation. [30] [31] [32] We modulate fibril brittleness in diverse ways. In addition, we find that the rate of monomer fibrillation may also be modulated by cosolute chemical identity: polyols act to decrease the rate of monomer detachment, while PEGs hardly change it. Finally, we comment on the possible implications of our findings to future attempts to control fibril kinetics.
Different Cosolutes Distinctively Affect Aggregation Kinetics
Recently, we have tested the effect of different cosolutes on the folding and aggregation process of a designed, synthetic 16 amino-acid peptide. 14, 20, 28 The cosolutes included polyols and PEGs of different molecular weights. The aggregation process was followed using several experimental techniques, including circular dichroism, electron microscopy and ThT fluorescence. Typical fluorescence assay results, recorded over the course of ~40 h, are shown in Figure 1A . These kinetic curves were analyzed to derive typical rate constants in terms of the two standard stages of a nucleation-aggregation process. 29 First, the nucleation lag time, τ lag , describes the time it takes to form a critical amount of aggregating nuclei. Second, the elongation time, τ el , is inversely related to the rate of fibril elongation once the nuclei form. In addition, we followed the fluorescence signal at maximal emission, F max . Control experiment showed that F max varied only by up to 30% in the presence of high concentrations of the different cosolutes, allowing us to use it as a measure of the amount of monomer that has undergone fibrillation when the system has reached steady-state.
The changes in the rate constants with concentrations of cosolutes (C cs ) highlighted differences in aggregation mechanisms. While addition of PEGs shows little or no effect on the nucleation constant τ lag , this typical time showed a marked, concentration dependent increase in the presence of both sorbitol and glycerol (see Fig. 1B ). The peak fluorescence emission F max follows a similar trend, showing very little change upon PEG addition, but a concentration dependant increase in the presence of polyols (Fig. 1C) . Moreover, at the same concentration, sorbitol has a as they tend to stabilize the native states of proteins. This effect is achieved because of the preferential exclusion of osmolytes from the protein interface that stabilizes protein states with smaller accessible surface area. 11, [13] [14] [15] [16] [17] [18] [19] Taken together, this wide range of cellular cosolutes presents a highly elaborate environment for the processes that lead to amyloid formation.
Macromolecular crowders and stabilizing osmolytes have been found to profoundly impact the process of amyloid formation. [20] [21] [22] [23] While both these types of solutes are preferentially excluded from the surfaces of many proteins, thereby stabilizing their folded state, they affect the aggregation process in very different ways. For example, certain inositol osmolytes have been shown to effectively slow and even dissolve Aβ fibril aggregation in vivo as well as in vitro. 24 In contrast, the soluble polymer polyethelene glycol (PEG), often used to model macromolecular crowding in vitro, has been found to promote faster aggregation in a variety of amyloid forming proteins. 21, 25, 26 This diverse action may come as no surprise, because osmolytes are chemically quite different from macromolecular crowders. And yet, this observation requires us to search for distinct mechanisms of cosolute action on aggregation kinetics that must also depend on cosolute type and not only on its concentration.
We have been following the amyloid aggregation of a model peptide to gauge the impact of various cosolutes, both large polymer "crowders" and smaller osmolytes, on the kinetic process. In the following sections we describe the primary results of our recently reported study, clearly indicating at least two distinct mechanisms of action associated with the two classes of cosolute. 20 We then analyze the temporal evolution of aggregation in terms of a possible kinetic scheme, based on a mechanism used to describe amyloid nucleation and subsequent fibril elongation processes. 27 This analysis allows us to further hypothesize on the molecular underpinnings of the disparate action of the two chemically distinct cosolute families. Interestingly, our findings hint that while for our model peptide the nucleation rate remains a function of cosolute concentration alone, different cosolute families (specifically, polyols and PEGs) may
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All Cosolutes Alter the Nucleation Phase
According to the kinetic scheme ( Fig. 2A) , the formation of new aggregating fibrils in solution may occur through either the spontaneous nucleation of monomers, or through the breaking of a single formed fibril into two shorter fibrils. These different processes can occur simultaneously. Overcoming the initial aggregation barrier at t 0 , however, is controlled entirely by nucleation. We find that the product k n k on , representing the rate at the nucleation step, decreases with cosolute concentration irrespective of its chemical nature (Fig. 3A) . At least for low cosolute concentrations, this can be consistent with an entropic or "crowding" model that describes the action of cosolutes primarily in terms of their available free deviation between model predictions and experimental curves served as the optimization function. After multiple minimization runs we found that for all fitted curves n c ≈ 2. Because the nucleation number is often treated as an integer that represents the number of monomers in an aggregation nucleus, 27 we fixed n c = 2 in all subsequent calculations. We find that the entire data set can be well fit by the model with the 4 parameters k on , k off , k b and k n , as seen for typical results in Figure 2B . In the following we examine how the aggregation process described by Equations 1 and 2 is modified due to cosolute addition. We do so by following changes in the fitting parameters with C cs , the cosolute molal concentrations (Fig. 3) . Model kinetic constants are presented in terms of products or ratios representing the various stages of the nucleation-dependent polymerization.
slightly modified the kinetic scheme by adding a term describing the dissociation of monomers from formed fibrils; the full kinetic mechanism we used is shown schematically in Figure 2A . This additional term was added to accommodate our experimental observation that, when different cosolutes are present, equal starting monomer concentrations can result in different fibril mass concentrations at steady-state (Fig. 1A) . The monomer dissociation step should be distinct from fibril breakage, as it allows reversible monomer detachment from fibrils, with its own typical timescale. This modified scheme resulted, as expected, in kinetic curves that did not reach a state of full aggregation.
Two simplified equations can be used to describe the aggregation process in terms of P(t), the concentration of formed fibril at time t, and M(t), the monomer concentration that has been fibrilized:
In these equations m(t) is the free monomer concentration; we determine m(t) through the difference m(t) = m(t 0 ) -M(t), where m(t 0 ) = 10 μM in our experiments. The kinetic rate constants k on and k off represent processes of monomer addition and dissociation respectively, k b is for fibril breakage, and k n is for nucleation. Note that this model assumes that k b remains constant regardless of fibril length, and that fibril-fibril association is neglected. Finally, n c is the nucleation parameter, corresponding to the size and growth dimension of the nucleus.
We next determined the 5 kinetic constants by fitting experimental curves (Fig. 1A) with the model predictions. We used a modified Nelder-Mead optimization algorithm 33, 34 that imposes upper and lower bounds on parameter values (in-house code implemented on Matlab). In fitting, the average root mean square solution environments wrought by cosolutes may code for the mesoscopic material properties of the forming fibrils.
Monomer Dissociation Rate Decreases in Presence of Polyols
Comparing the effects of cosolutes on the dissociation rate of monomers from formed fibrils reveals additional differences between the two cosolute families (Fig. 3C) . We find a significant, concentration dependant decrease in the k off /k on ratio for both sorbitol and glycerol. In contrast, for the smaller range of molal concentrations of the PEG molecules there appears to be a slight increase in this ratio. This correlates well with the fact that the maximal fluorescence F max increases with polyol concentrations, while remaining almost constant for PEGs.
Interestingly, k off /k on represents the effective monomers-fibrils equilibrium dissociation constant ( Fig. 2A and second kinetic step) and can be related to the effective free energy associated with this process. The variation of the logarithm of this equilibrium constant with solution osmotic pressure, π, is shown in Figure 4B . The slope of the plot describes, through the Wymann linkage, 13, 17, 36 the amount of cosolute excluding waters released in the association process of monomer to fibril. Both polyols show a negative slope, suggesting a smaller preferential hydration of the associated state than the dissociated. In contrast, for PEGs we find a smaller, positive slope that can possibly be interpreted in terms of larger preferential inclusion of PEGs with the dissociated monomer. Indeed, preferential inclusion has been shown to exist for PEGs with other biological molecules such as DNA.
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Implications of Cosolute Identity to Amyloid Fibril Formation
The analysis presented here may allow first hints into the complex effects that cellular solution conditions have on amyloid assembly. Recent studies show that compatible cosolutes do not always act as simple entropic crowders, and that their presence can result in dramatic changes to the way biological molecules associate and interact. For example, polyols have cosolute induced compaction could result in longer nucleation times. Interestingly, we find that for all solutes, regardless of their chemical nature, the nucleation lag time scales with the nucleation constant with an exponent of ~-0.25 (see Fig. 4A ). This behavior highlights the importance of the nucleation rate to the initial stages of aggregation, and indicates that many excluded solutes may be acting through a common scaling law at this stage. This finding could explain the observed retardation of aggregation in the presence of polyols.
Cosolutes may Differently Modulate Fibril Brittleness
The modification of k n k on by cosolute concentration is insufficient to account for the fact that in the presence of PEGs the reaction proceeds with no significant change to nucleation rates. Changes in the product k b k on , related to the rate of filament population growth, with cosolute concentration may resolve this apparent conundrum. Figure 3B shows that while sorbitol and glycerol have a marginal effect on k b k on , added PEGs significantly increase the fibril breakage rate with concentration. This change also correlates with the length of the polymer: shorter PEG polymers show a more mild increase in k b k on compared with the longer PEG4000. This effectively higher rate of fibril breakage can act to shorten the nucleation lag time through additional fragmentation of already formed fibrils. Each break effectively creates two aggregating nuclei that can themselves break, as the process of fibril formation is further expedited. This effect may, therefore, counteract the decrease in the rate of the nucleation step. Recent studies suggest that the morphology of the aggregating polymorph determines the physical properties of amyloid fibrils. [30] [31] [32] It is not unreasonable to expect that in the presence of PEGs and polyols the solution conditions favor and dictate the formation of alternate peptide conformations that direct the formation of different fibril morphologies. These changes can then modulate fibril brittleness and differently modify the breakage rate, as seen for PEGs vs. polyols. It is tempting to speculate that changes in volume in the presence of the nucleating monomers. 8, 9 Stabilizing cosolutes are generally excluded from the peptide interface, and as cosolute concentrations rise, the free volume available to peptide and cosolute molecules is depleted. By assuming a more compact conformation, the peptide effectively frees up some of the cosolute excluding volume, resulting in an entropic gain. Crowding by excluded cosolutes, therefore, thermodynamically stabilizes more compact peptide states. If nucleation requires an unfolded intermediate, as recent studies suggest, 35 the (Fig. 1A) by selecting the highest fluorescence signal in the entire data set (found for the highest concentration of sorbitol) and assuming that value is the fluorescence signal for a fully fibrilized sample.
more involved when considering possible kinetic mechanisms. We have found significant disparities in the ways different cosolute families affect amyloid fibril formation. This disparity stresses that cosolutes can elaborately change the aqueous solvent properties. This change, in turn, should have ramifications to the conformational landscape of solvated peptides and proteins. Favoring and preferentially selecting specific states over others impacts the different stages in amyloid aggregation that should sensitively depend on the cosolute chemical identity. These effects should be considered, particularly when discussing peptide and fibril conformations obtained by crystallization in the presence of high cosolute concentrations, 39 or under dehydration conditions that correspond to high osmotic pressure. 40 By using a kinetic scheme to rationalize experimental results, we found first indications that the nucleation, monomer been shown to distort the hydrogen bond network of the aqueous environment. 38 This, in turn, alters the preferred conformations solvated peptides adopt, and may also affect the physical properties of the aggregating species in amyloid formation processes. These effects become even Figure 3 . Changes in fibrillation kinetic constants with cosolute concentration. Results are shown in terms of best fitted values for (A) k n k on , which represents rates at the nucleation step, (B) k b k on that is related to the rate of filament population growth and (C) k off /k on representing the quasi-equilibrium constant for monomer-fibril dissociation. Symbols as in Figure 1D . Errors as determined by an average of 3 fits to each curve are <1%. addition and fibril breakage steps could all serve as crucial points at which cosolutes act. These findings lead us to hypothesize that cosolutes may be altering not only rates of polymerization but also the material properties of the formed fibrils. It will be interesting to resolve the molecular mechanisms that determine how biological molecules react to different environmental conditions presented by various classes of cosolutes. This understanding may ultimately help guide new formulations directed at altering the process of amyloid formation in vivo.
